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Abstract Vlaams Instituut voor de Tm
Flanders Marine Institute
L ak e  U rm iah  is a large (total su rface 4 7 5 0 -6 1 0 0  k m 2 in recen t tim es) tha lassoha line  hypersa line  lake (1 5 0 -1 8 0  g 
I-1 in the p e rio d  1 9 9 4 -1 9 9 6 ), loca ted  in no rthw este rn  Iran . It is the hab ita t o f  the endem ic  A rtem ia  urm iana . O ver 
the p e rio d  Ju ly  1994 -January  1996 a  sam pling  cam pa ign  w as o rgan ized : 36  fixed sam pling  sta tions, d istributed  
o v e r the en tire  lak e ’s area, w ere  sam pled  w eek ly  to  d e te rm in e  w ater tem pera tu re , salin ity  and transparency . A t 
e ach  occasion  a filter net w as d ragged  over a  d is tance  o f  4 0 0  m in the superficia l w ater lay e r to  assess the density  
and  com p o sitio n  o f  the A rtem ia  popu la tion . A  m ore lim ited  sam pling  cam pa ign  focused  on th e  annual fluctuations 
in ch lo ro p h y ll concen tra tion  and on the rep roductive  beh av io u r o f  the b rin e  sh rim p  popu la tion . Several stages 
o f  b rin e  sh rim p  surv ived  during  w in te r m on ths (w a te r tem p era tu re  3 C) at low  densities. C om pared  to available 
d a ta  fo r the G rea t Salt L ake, U SA , L ake U rm iah  show s a low  algal b iom ass and  overall low  A rtem ia  density . The 
in creasin g  g raz in g  p ressu re  o f  the develop ing  brine sh rim p  popu la tion  in sp ring  seem s to p reven t the phytop lankton  
from  reach ing  h igh  b loom ing  concen tra tions, and ov ip arity  is the d om inan t rep roductive  m o d e  th roughou t the 
rep ro d u c tiv e  season.
Introduction
In  1994 a  co o pera tive  p ro jec t w as launched  betw een 
th e  Iran F ish eries  C om pany  (S h ila t), a governm en ta l 
ag ency  re sponsib le  fo r the exp lo ita tion  o f  A rtem ia  u r­
m ia n a  G ü n th e r (1890) from  L ake U rm iah, and the 
L ab o ra to ry  o f  A quacu ltu re  &  A rtem ia  R eference  C en ­
te r o f  the U niversity  o f  G hent, B elg ium . T he a im  o f 
th is p ro jec t w as the study o f  the A rtem ia  resources 
in  the  lake, and  the app lica tion  o f  th is A rtem ia  strain  
in aquacu ltu re . E colog ical d a ta  on L ake U rm iah  are 
scarce , espec ia lly  in the in ternational scientific  lite r­
a tu re . A n in tensive  study w as therefo re  requ ired  to 
de te rm in e  the su s ta inab le  level o f  exp lo ita tion  fo r the 
la k e ’s natural resources.
A  sam p ling  cam pa ign  w as organ ized , covering  the 
en tire  lake su rface  and tw o consecu tive  p roduction  
seasons. T he ob jec tives o f  th is sam pling  cam paign  
w ere  to co llec t data on  the seasonal evolution  o f  the 
po p u la tio n  com p o sitio n , rep roductive  b ehav iou r and 
b io m ass density  o f  A rtem ia  in L ake U rm iah; and  to
re la te  these data to  in form ation  co llec ted  on abiotic 
variab les and algal b iom ass.
Site description
L ake U rm iah  is a  tha lassohaline  lake  (A zari Takam i, 
1993) located  in northw estern  Iran (F ig . 1) a t an a lti­
tu d e  o f  1250 m above sea  level. T h e  total surface 
a rea  fluctuates be tw een  4750  and 6100  km 2 (Löffler, 
1961; A zari T akam i, 1987). S ince  th e  construction  o f 
a causew ay  in 1989, the lake has been divided into 
no rthern  and southern  parts (Fig. 2). A 1400-m  gap 
in th is dam  allow s a  lim ited  exchange  betw een both 
parts . A  m ax im um  length  and w id th  o f  128-149  km 
and  50  km  are rep o rted , respectively  (Löffler, 1961 ; 
A zari T akam i, 1987). T he average  depth  is c lose to 
6 m , m axim al d ep th  is 16 m. A nnual inputs to  the 
lake  a re  6 .9  x  IO9 m 3; 21 perm anen t and seasonal 
rivers (annual inflow  4 .9  x  IO9 m 3) flowing through 
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F igu re i .  M ap o f  Iran w ith  location  o f  L ake U rm iah .
th is te rm inal lake (p redom inan tly  in to  its south arm ), 
largely  w ithou t w astew ater trea tm en t (G haheri e t ah,
1999). T he to tal w ater rese rve  is estim ated  betw een  12 
x  IO9 m 3 (A zari T akam i, 1993) and 2 5 -2 7  x  IO9 m 3 
(G haheri e t ah , 1999). T he lake is located  in a sem i- 
arid area w ith  annual average p rec ip ita tion  in the range 
2 0 0 -3 0 0  m m  (G haheri e t ah , 1999). In view  o f  its 
im portance fo r m ig ra tin g  b ird s, the lake has a status 
o f  natural reserve.
Materials and methods
A  set o f  p rec ise ly  loca ted  sites w as sam pled  w eek ly  
in the period  July  1 9 9 4 -Jan u ary  1996. T h ese  sites 
w ere spread  o v er the en tire  la k e ’s su rface , tak ing  into 
accoun t its topography , and  ba lan c in g  coastal versus 
o ff-shore areas , zo n es w ith  o r  w ithou t reported  occu r­
rence  o f  cyst accu m u la tio n s, and deep versus shallow  
areas.
T h e  sou th  a rm  w as subd iv ided  in to  fo u r sectors 
(A -D ) a lo n g  th e  lines o f  37c30 ' N  and 4 5 °3 0 ' E 
(Fig. 2 ), and the n o rth  arm  in to  tw o sec to rs  (E , F) along 
38°N . In  each  o f  these  six  secto rs fo u r su rface  (see 
fu rther; t-sites) an d  tw o subsurface (p -sites) sam pling  
s ites w ere  iden tified , and m arked by buoys. E fforts 
w ere  m ad e  to  take  a m ax im um  o f sam ples w ith in  the 
sh o rtest poss ib le  tim e lapse (2 -3  days). F o r surface 
sam p ling  a 100-/zm  m esh size net (60 x  20 cm ; length, 
2.5 m ) w as d rag g ed  ju s t below  the w ate r su rface over 
a leng th  o f  400  m  a t an approx im ate  speed o f  5 km /h 
(the tra jec to ry  w as indicated  by  tw o buoys); fo r su b ­
su rface  sam pling  the  sam e net w as d rag g ed  fo r 100 m 
a t 0 .5 -1  m  below  the w ate r surface.
T h e  fo llow ing  ab io tic  variables w ere reco rded  on 
th e  spo t fo r each  sam ple: a ir  and su rface w ate r tem ­
pera tu re  (using  a  therm om eter w ith O .U C  accuracy),
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F igu re  2. L ak e U rm iah  w ith  overv iew  o f  sam p lin g  sites  ( t j  24-
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F igu re 3. .Seasonal flu ctu a tion s o f  air and w ater tem peratures (val­
u es, w ith  standard error bars, arc averages o f  all sam p lin g  sites).
indiv iduals, taken  a t random , w ere observed  and  sor­
ted  into cysts, naup lii/m e tan au p lii o r ju v en iles /adu lts  
(expressed  as p e rc e n t o f  total num bers). A d u lt fem ales 
w ere c lassified  as ‘rep ro d u c in g ’ o r  ‘n o n -rep ro d u c in g ’, 
d epend ing  on th e  p resen ce  o f  o ffsp ring  in th e  brood 
pouch. F inally  fo r  each  sam ple co llec ted  in the period 
M ay 1 9 9 5 -Jan u ary  1996, the rep roductive  m ode and 
b rood size w ere ana ly sed . Ten rep ro d u c in g  fem ales 
( if  p resen t) ou t o f  each  sam ple w ere d issec ted  and 
the  percen tage  o f  fem ales rep roduc ing  ovovivipar- 
ously  o r ov iparously , and average and m ax im al b rood 
sizes w ere d e te rm in ed  separa te ly  fo r th e  tw o m odes o f 
rep roduction .
sa lin ity  (using  a tem pera tu re  com pensa ted  refracto- 
m eter), tran sp aren cy  (m easured  by  m eans o f  a  Secch i 
d isk  w ith  tw o b lack  and tw o w hite  qu ad ran ts), m eteo r­
o lo g ica l o b serva tions (w ind, w ave heigh t, p rec ip ita ­
tion , e tc .) and o ther observations (e .g ., cyst o r b iom ass 
accum ula tion , concen tra tion  o f  p reda ting  b irds, etc.).
D uring  th e  period  N ovem ber 1 9 9 5 -Ju n e  1996 
m on th ly  su rface sam ples w ere taken w ith  R iittner 
bo ttles  a t each  site  fo r determ ination  o f  th e  a lgal cell 
densities CD un a lie lla , N itzschia , N avicu la , C ym bella , 
C yclo te lla , O scillatoria)', sam ples w ere sieved  o v er a 
120-/xm  m esh filter to  rem ove Zooplankton and tran s­
po rted  in coo led , dark  con ta iners to  the laboratory . 
H ere  they  w ere  filtered  onto  0.45-¿¿m  W hatm an  G F /F  
filters and  frozen . T h e  concen tra tions o f  ch lo rophy ll 
a, b  and  c  w ere  de term ined  spec tropho tom etrica lly  
acco rd ing  to S trick lan d  & P arsons (1972).
T he A rtem ia  b iom ass co llec ted  a t each  site w as 
s to red  in  separa te  coo led  p lastic  rec ip ien ts and tran s­
fe rred  to  the labo ra to ry  fo r analysis. T he w et w eig h t o f  
each  sam p le  w as determ ined , and th e  p o pu la tion  co m ­
p osition  w as analy sed  as fo llow s; p e r sam ple  3 0 0 -5 0 0
Results
A b io tic  cond itions
T he su rface  w ater tem pera tu res  ranged  b e tw een  3.1 °C 
(average fo r D ecem b er 1995) and 2 7 .5 °C  (A ugust 
1995), and  fo llow ed  the fluctuations o f  the a ir tem per­
a tu re  very closely  (F ig . 3). In w in ter th ere  w ere several 
days w ith  m odera te  frost; the low est w ate r tem pera tu re  
reco rded  w as — 1,3°C .
T h e  d ifference  in  sa lin ity  betw een  bo th  parts o f  the 
lake w as lim ited  (5—10 g I“ 1 low er in sou th  arm  as a 
conseq u en ce  o f  riv e r inflow ), and tended  to  becom e 
m in im al in w in ter m on ths (Fig. 4). S alin ity  peaked 
in N o v em b er-D ecem b er (177 g I-1 in the sou th  arm ) 
and  w as low est in M a y -Ju n e  (151 g l _ i ). T here  w ere 
on ly  lim ited  salinity  d ifferences betw een  the  sam pling  
sites (m axim ally  ~ 2 0  g  I- 1 ). In spite o f  the estuaries 
d ischarg ing  into th e  lake, there  w ere no vast areas o f 
low  o r  in term ed ia te  salinity .
L arge  seasonal (Fig. 5) and local (F ig . 6) vari­
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F igu re 4. S ea so n a l sa lin ity  flu ctu alions (va lu es, w ith  standard error 
bars, are averages o f  all sam p lin g  sites).
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F igure 5. S eason a l fluctuations o f  w ater transparency (va lu es, w ith  
standard error bars, are averages o f  a ll sam plin g  sites).
som e sites a transparency  o f  10 m w as observed , w hile 
in D ecem b er 1994 values as low  as 0.3 m  occurred . 
M onth ly  averages w ere  h ig h e r in the northern  than in 
the sou thern  arm . In su m m er 1995 m uch  h igher values 
w ere reco rded  than in su m m er 1994.
P recip ita tion  occu rred  m ain ly  in the w in ter sea­
son (N o v em b er-m id -F eb ru a ry ), a lthough  there  w ere 
som e scattered  show ers in A p ril-M a y  1995. S torm y 
w ea ther w as freq u en t in sp rin g  and au tum n, w ith  a 
peak  in N ovem ber 1995. N o em pirica l relation  could  
be estab lished  betw een  w eather cond itions, w ater 
transparency , and cy st o r b iom ass accum ulation .
A lg a l b iom ass
C hlorophyll values ran g ed  betw een  0  and 4 .71 , 4.33 
and 4 .8 4  /xg I-1 (ch lo ro p h y ll a, b , Ci+C2 , respec t­
ively). A verage m on th ly  values, how ever, seldom  
exceeded  1 /xg 1~] . C h lo rophy ll levels reached  a m ax ­
im um  in N o v em b er-D ecem b er (F ig. 7). T he decline 
th rough  sp ring  and  early  su m m er resu lted  in m inim al 
va lues at the end o f  the sam p ling  period  (June 1996). 
T he phy top lank ton  thus reached  a re lative b loom  w hen 
the A rtem ia  p o pu la tion  w as nearly  absen t and de­
creased , p re su m ab ly  due to  increased  b rine  shrim p 
g razing , from  la te  w in te r onw ards.
T h e  local v a ria tio n s  in ch lo rophy ll concentration  
(Fig. 8) rough ly  re flec t the local transparency  fluctu­
a tions (Fig. 6), illu s tra tin g  the po ten tia l use o f  w ater 
tran sp aren cy  m easu rem en ts  fo r assessing  algal b io ­
m ass. C oastal an d  estuarine  areas  w ere genera lly  m ore 
p roductive  than  th e  central a reas  o f  the lake.
C ell co n cen tra tio n s  o f  the  green u n ice llu la r alga 
D u na lie lla  fluc tuated  betw een  4 0 0  cells m l-1  in A u­
gust 1995 and 3 0 0 0  ce lls  m l-1  in F eb ruary  1996. 
V alues fo r o ther a lg ae  (N itzsch ia , N avicula , C ym bella, 
C yclotella , O scilla toria )  w ere  below  100 cells m l-1 
th ro u g h o u t the year.
A rtem ia  p o p u la tio n
T he b rin e  sh rim p  popu la tion  in L ake U rm iah  exhibits 
sim ila r seasonal fluc tuations (Fig. 9 ) to tha t repor­
ted  fo r th e  G rea t Salt L ake (G liw icz  e l al., 1995) 
bu t d iffers in a  few  p a rticu la r characteristics. C ysts 
w ere fo u n d  th ro u g h o u t th e  year, w ith a  m in im um  in 
la te  sp ring  and  sum m er, and a  m ax im um  in autum n 
and  w inter. N aup lii and m etanaup lii m ade up  a very 
h igh frac tio n  o f  th e  sam ples in sum m er 1994 (up to 
m ore than  70% ). T h is fraction  fell sharp ly  in autum n, 
rem ained  a t a m in im um  d u ring  w inter, and reached 
a m ax im um  aga in  (though  at a m uch low er level, 
~ 4 0 % ) in M arch  and A pril 1995, due to  cyst hatching. 
T he new  peak  in Ju ly /A u g u st m ay resu lt from  ovovi- 
v iparous rep roduc tion  in June/Ju ly  o r  from  further 
rec ru itm en t from  cysts. T he decline in au tum n/w in ter 
1995 w as even m ore  drastic  than  in 1994, and  in Janu ­
ary  1996 on ly  very low  num bers o f (m eta)naup lii w ere 
observed . N evertheless th roughou t the w in te r m onths 
naup lii w ere  still found in th e  superficial w ater layers, 
w here  the tem pera tu re  d ropped  below  5°C . Juveniles 
and adu lts  m ade up less than 20%  o f th e  num bers o f 
b rine  sh rim p  in sum m er 1994, increased  in early  au ­
tum n, and  fell to  a  m in im um  in w inter. In  sum m er 
1995, a peak  for ju v en ile s /ad u lts  w as reached  in Ju ly -  
A ugust; in January  1996 few  juven ile s /ad u lts  w ere 
fo und  in the superficial w ater layers.
T h ere  w ere no  obvious d ifferences in population  
com p o sitio n  betw een  the sam ples taken a t the surface 
(t-sam ples) o r  at a  depth  o f  0 .5 -1 .0  m  (p -sam ples), ex ­
cep t fo r  a sligh tly  h igher occurrence  o f  (floating) cysts 
in th e  su rface  sam ples.
O ccasio n a l sam pling  in deeper w ate r layers (1 -  
3 m ) show ed  that num erous cysts rem ained  in sus­
pension  in the w ate r co lum n, confirm ing  laboratory
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F igu re  7. S eason a l fluctuations o f  ch lorop h y ll a , b  and cj+ C 2  co n ­
centration  ( \a lu e s , w ith  standard error bars, are averages o f  all 
sa m p lin g  sites).
experim en ts  (Pador, 1995) show ing  tha t be low  150 g 
l-1  up to  50%  o f  the A. urm iana  cysts rem ain ed  in 
su spension . E ven  at salin ities as h igh as 200  g 1 no 
full buoyancy  o f  all cysts w as reached .
T here  w as a  high inc idence  o f  m ales (2 :1) in the 
su m m er during  1994 and 1995, b u t th e  sex ratio  
dec lin ed  in au tum n , and reached  0 .5 —1:1 in D ecem ­
b er/January  (Fig. 10).
T h e  ratio  o f  rep roducing  fem ales/to ta l fem ales 
g en era lly  fluctuated  in th e  ran g e  5 0 -6 0 %  (F ig . 11), 
ex cep t for w in te r and early  sp ring , w hen  rep roduc-
□  < 0.6 gg I'1 '
■  0.6-0.7 gg I'1
■  > 0 . 7  n g i ' 1
F igu re  8. L ocal variations in ch loroph yll a  concentration  (values, 
w ith  standard error bars, are averages o \e r  entire sam p lin g  period).
tion  w as in terrup ted  o r n o t en ough  data  w ere available. 
A cco rd in g  to the availab le  field data , A . urm iana  
rep ro d u ced  p redom inantly  o v ip aro u sly  (Fig. 12); in 
su m m er a m inority  o f  the popu la tion  (below  30% ) p ro ­
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F igu re 9. S eason a l fluctuations o f  A r te m ia  population com p osition  
(va lu es, w ith  standard error bars, are averages o f  all sam plin g sites).
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M ay ’95 Ju n e  Ju ly  A ugust Sept. O ct. N o v . Dec. Ja n .’96
F igu re  12. S ea so n a l flu ctu ation s o f  p ercentage o f  A r te m ia  fem ales  
reprodu cing o \  ip a ro u s ly  versus ovov iv iparously  (va lu es , w ith stand­
ard error bars, are a v er a g es  o f  all sam p lin g  sites).
ovip arou s
ovov iv ip a ro u s
F igu re IO. S eason a l fluctuations o f  s e x  ratio (valu es, w ith standard  
error bars, are a verages  o f  all sam p lin g  sites).
duced  naup lii. F rom  A ugust onw ards, m ore than 90%  
o f  the rep ro d u c in g  fem ales p ro d u ced  cysts.
T h e  average  brood  size w as very  high (Fig. 13): fo r 
cyst p ro d u c tio n , the average clu tch  size ranged  around  
7 0 -8 0  cysts b ro o d -1 in the period  A u g u st-D ecem b er, 
w h ile  in o th e r  m on ths the n u m b er o f  cysts b ro o d -1 
never d ro p p ed  below  30. F or ovoviv iparous rep ro d u c­
tion , b rood  size  ran g ed  betw een  ~ 7 5  nauplii b ro o d -1 
in July  and 5 -1 0  from  S ep tem ber onw ards. T he m ax ­
F igu re 11. S ea so n a l fluctuations o f  p ercen tage o f  reproductive  
A rte m ia  fem a les  o v er  total fem a les  (va lu es , w ith  standard error bars, 
are averages o f  all sa m p lin g  sites).
1995 1996
F igu re  13. S ea so n a l fluctuations o f  brood s iz e  (ov ip arou s versus  
ovoviv  iparous reprodu ction) (va lu es , w ith  standard error bars, are 
averages o f  all sa m p lin g  sites).
im al ind iv idual b rood  sizes recorded  w ere 26 9  cysts 
and 21 6  naup lii (b o th  in A ugust).
A rtem ia  b io m ass  reached its m ax im um  in the 
p eriod  A u g u s t-D e c e m b e r (F ig. 14). T he m ax im al val­
ues m easu red  in  au tum n 1995 (—30 g w et w eigh t m - 3 )
Jul A ug/Sep Oct/Nov D ec/Jan Feb/Mar Apr/May Jun/Jul Aug/Sep Oct/Nov Dec/Jan 
1994 1995 1996
>—  surface 
>.. 0 .5-1 .0  m  depth
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F igu re 14. S ea so n a l fluctuations o f  A rte m ia  b iom ass  d en sity  (w et 
w eig h t) at w ater su rface  and at 0 .5 -1 .0  m  w ater depth (va lu es , with  
standard error bars, are averages for a ll t- and p -sam p lin g  sites, 
resp ectively ).
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F igu re  15. L oca l variations in A rtem ia  b io m a ss  d en sity  (w et  
w eig h t) at w ater surface (t-sam p les) and 0 .5 - 1 .0  m depth  
(p -sa m p les) (va lu es are averages over entire sa m p lin g  period).
g rea tly  exceeded  the values fo r  1994 (15 g m - 3 ) (both  
l-site  sam ples). N o such  d ifference  w as recorded  fo r 
the subsu rface  (p-site) sam ples. A n im p o rtan t fraction  
o f  th e  A rtem ia  b iom ass w as p resen t be low  0.5 m  w ater 
dep th . T h e  heterogeneity  o f  the A rtem ia  d istribu tion  
w as reflected  in the occurrence o f  ex trem e values, 
w h ich  a ffec ted  the m onthly  average; e .g ., the unusu­
ally  h igh  value o f  June 1995 w as due  to  the  sam pling  
in a  streak  o f  accum ulated  b iom ass a t a  few  sites.
T h e  average am ount o f  b iom ass, harves ted  p e r 
sam p ling  run at each site , w as s itua ted  in the range 10 - 
20  g m -3  (equ ivalen t to a density  o f  o n e  to  tw o adults 
I- 1 ), bu t a t som e sites 0 5 , t6, ts , O2 ) h ig h e r densities 
w ere  encoun te red  (Fig. 15). A s w ith  tem poral ab u n d ­
ance  these  average values w ere stro n g i) a ffected  by 
the inciden tal occurrence  o f  b iom ass accum ulations. 
E x cep tiona lly  h igh values w ere  no t en co u n te red  in the 
no rth  arm , suggesting  a genera lly  lo w er b iom ass p ro ­
duction  fo r  th is part o f  the lake. V alues w ere  genera lly  




D ata  availab le  in literature  abou t A rtem ia  eco logy  and 
d is tribu tion , as w ell as stud ies o f  p o pu la tion  d y n am ­
ics and b iom ass estim ation  are  uncom m on , and are  
o ften  res tric ted  to e ith e r artificial env iro n m en ts  (e.g ., 
A rtem ia  p rod u c tio n  ponds) o r  to  na tu ra l ecosystem s 
o f  m uch  sm alle r size than L ake U rm iah . P ersoone  & 
S o rge loos (1980) and L enz (1987) rev iew  lite ra tu re  
d a ta  on th e  p roductiv ity  o f  A rtem ia  h ab ita ts  in natural 
env ironm en ts, both  in land  and coasta l sa lt lakes. L enz
&  B row ne (1991) lis t a  n u m b er o f  field stud ies, per­
form ed on natu ral A rtem ia  p o p u la tio n s . A rtem ia  from 
M ono L ake have been the su b je c t o f  a life history 
study by L enz (1980 , 1984) and lo n g -te rm  m onitoring  
(M elack & Je llison , 1998).
O nly the G rea t S alt L ake, U tah , U S A , until re­
cently  the source  o f  the large m a jo rity  o f  raw  cyst 
m aterial on the w o rld  m arket (L av en s  &  Sorgeloos,
2000), is o f  d im ensions co m p a rab le  to L ake U rm iah 
and has been the sub jec t o f  n u m ero u s  eco log ica l and 
A rtem ia  popu la tion  studies (S tep h en s, 1974). In re­
cen t tim es the G rea t Salt L ake h a s  seen considerab le  
salin ity  fluc tuations w ith  c o n seq u en t changes in the 
ecosystem  (W urtsbaugh  & S m ith  B erry , 1990; S teph ­
ens, 1997). G liw icz  et al. (1995) co n d u c ted  a popu la­
tion study  shortly  a fte r  a 6 -year d ro u g h t period, w hen 
salin ity  in the lake  w as 140 g I- 1 . T he au thors state 
that, in sp ite o f  th e  sim plicity  o f  the  troph ic  structure 
(short food  chain ) and  the lim ited  b iod iversity  o f  this 
ecosystem , it is d ifficu lt to assess  th e  consequences 
o f  ab io tic  fluc tuations and sh ifts  in phytoplankton  
concen tra tion /com position  on th t  A r tem ia  fra n c isca n a  
popu la tion . W hile  du ring  p eriods o f  excessive  rainfall, 
predators o f  A rtem ia  m igh t su rv ive  in low er salinity 
zones and have a de le te rious e ffec t on the b rine shrim p 
popu la tion , annual fluctuations o ften  occu r in the b rine 
shrim p popu la tion  w ithou t ind ica tion  o f  the causative 
factor.
A s m orphom etric , genetic  and rep roductive  studies 
(A breu -G robo is &  B eardm ore , 1991; P illa, 1992; Pilla 
&  B eardm ore , 1994; Pador, 1995; T rian taphy llid is et 
al., 1997) have show n the separa te  sta tu s o f  the species 
A rtem ia  urm iana , it is possib le  th a t observations fo r 
A. fra n c isca n a  c an n o t be ex trapo la ted  as such to  Lake 
U rm iah.
A bio tic  co n d itions
A ccord ing  to L en z  (1987), seasonality  in the brine 
sh rim p  popu la tion  o f  la rge  tem pera te  lakes is prim arily  
determ ined  by th e  tem pera tu re  cycle . W ater tem per­
atures a ro u n d  0 CC  can  p reclude the  survival o f  all 
A rtem ia  life  stages b u t cysts, o r allow  adults and ju ­
ven iles to surv ive a t low  densities (L enz &  B row ne, 
1991). V anhaecke e t al. (1984) stud ied  the com ­
bined effec ts  o f  tem p era tu re  (1 8 -3 4 °C ) and salinity 
(5 -1 2 0  g l- 1 ) on th e  survival o f A rtem ia  o f  various 
geog raph ica l o rig in  (n o t including A. urm iana), and 
fo und  th a t bo th  variab les significantly  affect survival, 
th e  e ffec t o f  tem p era tu re  being  m ore pronounced . N o 
sing le  stra in , how ever, seem ed to be  steno therm al,
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w h ile  m ost stra in s shared  a  com m on area o f  p reference  
(2 0 -2 5 °C ) , w here  m orta lities w ere below  10%  a fte r 
a cu ltu re  period  o f  9 days. Substantial strain  d iffer­
ences, how ever, ex isted  w ith  regard to resistance  for 
h igh  tem pera tu res: A. sa lina  and A. parthenogenetica  
s tra ins d id  no t su rv ive  tem peratures exceed ing  30 ’C, 
w hile 5 -1 0 %  su rv ival w as observed  fo r both  G reat 
S a lt L ake and  San F rancisco  Bay A. fra n c isca n a , c u l­
tured a t 34°C . L ethal tem peratures o f  3 0 -3 4 °C  w ere 
how ever never a tta ined  at the w ater su rface o f  L ake 
U rm iah .
Von H en tig  (1971 ) assum es m axim al ha tch ing  
in the  ran g e  15 -3 0 °C , w hile Sorgeloos &  P ersoone 
(1975) narrow  it dow n to 2 0 -2 8 "C . N evertheless 
ha tch ing  can o ccu r at low'er tem peratures (as low  as 
5 - 1 0°C , be it a t m uch  slow er hatch ing  rates) observed  
in  L ake U rm iah  from  late February  o r  early  M arch  o n ­
w ards. M ax im al g row th  and biom ass production  takes 
p lace  in the ran g e  2 0 - 2 7 X  (V anhaecke &  S orgeloos, 
1989). O nce again , the im pact o f  tem pera tu re  on 
g row th  varies from  one  strain  to another. H ow ever, 
fo r m ost stra ins grow th  is lim ited  below  15°C. T his 
labo ra to ry  find ing  is a lso  confirm ed by  field data  (L enz 
& B row ne, 1991). If  these da ta  are  ex trapo la ted  to  A. 
urm iana , the  season  fo r  op tim al b iom ass production  in 
L ake U rm iah  is confined  to the period  A pril-O ctober.
L arge  local sa lin ity  d ifferences w ere no t reco rded  
in th is sam p ling  cam paign . G liw icz e t al. (1995) found 
th a t sa lin ity  w as hom ogeneous over the en tire  south 
arm  o f  G rea t S alt L ake, and over a to tal depth  o f  6 m, 
ind ica ting  tha t tho rough  horizontal and vertical m ixing 
o f  the  w ate r co lum n takes p lace.
A s in L ake U rm iah , transparency  in G reat Salt 
L ake (G liw icz  e t al., 1995) appeared  to  be h igh ly  
variab le  (0 .4 -7 .0  m ) depend ing  on tim e and sam pling  
site. S easonal fluctuations in p rim ary  p roductiv ity  and 
the stirring  o f  b o ttom  sed im ents by  w ind and w aves 
a ffec ted  the tran sparency  o f  the w ater colum n.
M o n o  L ake (L enz, 1984) show s seasonal and  an ­
nual tran sparency  fluctuations, w ith m inim al va lues in 
the p e rio d  O c to b e r-M ay  and peaks in Ju ly -A u g u s t, re ­
flecting  the heavy  g raz in g  p ressure o f  th e  b rine  sh rim p  
popu la tion .
A lg a l b iom ass
C hlo rophy ll va lues in L ake U rm iah , genera lly  situated  
in th e  range 0 .5 -0 .8  p g I- 1 , a re  low  com pared  to  the 
va lues reported  by G liw icz  e t al. (1995) fo r G rea t Salt 
L ake ( <  0.5 p g  I-1  in June  to 13 p g  I-1 in January). 
E ven values o b se rv ed  in the m ore p roductive  e stu arin e
zones o f  L ake U rm iah  w ere  w ell below the chlorophyll 
a levels ob serv ed  in sim ila r areas in G rea t S a lt Lake 
(60 p g  I- 1 ). In su m m er u n d er h igh  g raz in g  pressure, 
the a lgal spec ies com p o sitio n  in G reat S a lt L ake was 
m ore d iversified  (w ith  an im portan t fraction  o f  d ia t­
om s like A m p h o ra , N avicu la  and N itzsch ia ) than in 
w inter, w hen th e  p h y to p lank ton  m ain ly  consisted  o f  
a D unalie lla  m o nocu ltu re .
T h e  L ake U rm iah  study  did no t assess bac- 
te riop lank ton  a n d  deco m p o sin g  m atte r (de tritu s), p o ­
ten tia lly  im p o rtan t food so u rces fo r th e  A rtem ia  popu­
la tion . D etritus c a n  be up -w elled  by w a te r cu rren ts and 
sto rm s and b ac te rio p lan k to n  can  be  abundant. In  the 
zones o f  river w a te r  inflow  and in flooded  areas decay­
ing  m atte r m ay co n trib u te  sign ifican tly  to the nu trient 
b a lance  o f  the lake . G liw icz  e t al. (1995 ) state that 
food  lim itation  in d u ces  a s tage-struc tu red  intraspecific 
co m petition  on g row th  rate: in an env ironm en t w ith 
lim ited  prim ary  p rod u c tio n  th e  adu lts  com pete  suc­
cessfu lly  fo r fo o d  w ith th e  earlie r stages, resu lting  in 
reduced  n au p lia r g row th. C u ltu re  tests o f  G reat Salt 
L ake-A rrera/a in  v itro  and analysis o f  stom ach  con ­
ten t in th e  field show  that nauplii and yo u n g  juven iles 
m ain ly  thrive on phy top lank ton  and o th e r  suspended  
m aterial. A du lts  and subadu lts  use th is food source 
only  in case its concen tra tion  is h igh , and  o therw ise 
consum e sed im en ted  detritus and  perip h y to n  (in sum ­
m er the perip h y to n  on exuv iae  is an im portan t food 
source).
A rtem ia  popu la tio n
C om parison  o f  th e  seasonal fluc tuations in po p u la­
tion  com position  (Fig. 9), ch lo rophy ll concen tration  
(Fig. 7 ) and transparency  (Fig. 5), suggests th e  fo llow ­
ing  popu la tion  d ynam ics at L ake U rm iah . A  fraction 
o f  naup lii and m etanauplii m ay su rv ive  the w inter 
m on ths, and s ta rt develop ing  from  M arch /A pril on ­
w ards. H ow ever, it is difficult to assess the con tri­
bu tion  o f  this overw in tering  popu la tion  to the spring 
genera tion  o f  adults. H atch ing  o f  cysts m ay o ccu r as 
early  as February . T he g razing  p ressu re  o f  th is expand ­
ing  b rine  sh rim p  population  p re \e n ts  th e  phy top lank­
ton  from  reach ing  actual b loom ing  concen tra tions, 
as observed  in o ther saline hab ita ts  in  late spring. 
C onsequently , as th e  num ber o f  ju v en ile s  and adults 
increases, the algal concen tration  s tead ily  declines 
and  reaches abso lu te  m in im um  levels in late spring, 
early  su m m er (M ay/June), a fte r  w h ich  transparency 
gradually  decreases (late sum m er, early  au tum n), even
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though  the re lative p roportion  o f  ju v en ile s  and  adults 
is reach ing  a m axim um .
G liw icz  e t al. ( 1995) sum m arize  th e  p o pu la tion  d y ­
nam ics in G reat S alt L ake as fo llow s: in A pril/M ay 
a lirst genera tion  hatches from  cysts and  co lon izes 
th e  env ironm ent rapidly. T h is  gen era tio n  rep roduces 
ovov iv iparously  a t a h igh rate, illu s tra ted  by large 
b roods o f  nauplii during  late M ay. T h ese  an im als 
p roduce a  second  genera tion  o f  m ore  slow ly devel­
o p in g  ind iv iduals, w hich do  no t reach  m atu rity  by 
autum n. O nly  a sm all frac tion  o f  th is second  g en e ra ­
tion  seem s to surv ive and reach m atu ra tion , p roducing  
one  or tw o sm alle r b roods, w hich d o  n o t contribu te  
sign ifican tly  to  the popu la tion  density . In M ono  Lake 
(L enz, 1980, 1984; Jellison  &  M elack , 1998) the n u m ­
ber o f  A rtem ia  is low  during  w in te r and  the brine 
sh rim p  fem ales rem ain  in a n o n -rep roduc tive  state. In 
spring  the A rtem ia  develop  slow ly from  cy st to  adult 
in 10 -12  w eeks, m ainly  because  o f  the  low  prevailing  
w ater tem pera tu res, and reach  m atu rity  at the end  o f 
M ay, rep roducing  ovoviviparously . S econd  generation  
adu lts appear in m id-Ju ly /A ugust. T h e  first and  second 
genera tion  o f  fem ales in Ju ly  p ro d u ce  overw in tering  
cysts. T he popu la tion  reaches a  peak  in la te  sum m er, 
d ecreasing  afterw ards to low  num bers in N ovem ber. 
H ow ever, considerab le  fluctuations are  observed  from  
y ea r to year. F o r L ake U rm iah , th e  field  da ta  do  not 
a llow  defin itive conclusions w ith  regard  to  th e  num ber 
o f  genera tions p roduced  p e r season ; how ever, the re­
p roductive  data  (see further) ind ica te  a  p redom inance  
o f  oviparity , suggesting  tha t ovov iv iparous co lon iz ­
a tion  o f  the m edium  does no t take  p lace  at a rate 
com parab le  to  the G reat Salt L ake.
T he h igh inc idence  o f  m ales in L ak e  U rm iah  co r­
responds to the  observations in  o th e r sa line  lakes, e.g., 
M ono  L ake (L enz, 1984) and  particu la rly  G reat Salt 
L ake, w here  sim ila r fluctuations occur, w ith  a sex 
ratio  o f  4:1 in June, d ecreas ing  to  1:1 in N ovem ­
b er/D ecem ber (G liw icz  e t al., 1995). T h ese  fluctu­
a tions m ay be related  to the d iffe ren t physio log ica l 
to lerance  o f  adu lt m ales and fem ales  to vary ing  co n ­
d itions o f  tem pera tu re , sa lin ity  a n d /o r oxygen , not 
specific fo r A . urm iana, bu t a lso  fo r o th e r  A rtem ia  
species.
T he data  on  sex ratio  do  no t p erm it any decisive 
conc lu s ions regard ing  the poss ib le  co ex is tence  o f  a 
parthenogene tic  and a b isexual b rine  sh rim p  species in 
L ake U rm iah. G ün ther (1890) d escribed  b rin e  shrim p 
from  L ake U rm iah  as a un ique  b isexual species, 
A rtem ia  urm iana. T h is ch a rac te ris tic  w as confirm ed 
w hen C lark  & B ow en (1976) dem o n stra ted  the rep ro ­
ductive iso la tio n  o f  the species from  o th e r bisexual 
strains. N ev erth e le ss , B arigozzi e t al. (1987) reported 
a popu la tion  exc lu s iv e ly  com posed  o f  parthenogen ­
etic ind iv iduals a f te r  cu ltu ring  tw o cy st sam ples in the 
laboratory , and p ro p o sed  to cancel th e  spec ies designa­
tion A. urm iana . A zari T akam i (1989) reported  the co ­
existence o f  b isexua l and parthenogene tic  populations 
in th e  lake. H e o b se rv ed  th a t th e  p a rthenogene tic  strain 
w as dom inan t in  spring  and sum m er bu t no t com m on 
in autum n and w inter. T he phenom enon  o f  coex ist­
ence w ith  v a ry in g  frequencies th roughou t the year 
has already  been  reported  in  o ther A rtem ia  b io topes 
(A m at, 1983; P e rez , 1987). B arigozz i (1989) p roposed 
to reconsider A. urm iana  as a  species, and A hm adi et 
al. (1990) re in fo rced  the idea  th a t the lake sustains 
a m ixed  po p u la tio n . Pador (1995), w ho cu ltu red  an­
im als using  cy sts  co llec ted  fro m  d ifferen t sam pling 
stations, fo und  n o  ev idence o f  a  p a rthenogene tic  pop­
ulation. A lthough  the occu rrence  o f  a parthenogenetic  
strain  thus rem a in s  a possib ility , th e  sex ra tio  suggests 
th a t th e  A rtem ia  popu la tion  in L ake U rm iah  is at least 
p redom inan tly  b isexual.
T he average c lu tch  size  (Fig. 13) largely  surpasses 
the average v a lu e  o f  48  eggs fem ale - 're p o rte d  in 
laboratory  exp e rim en ts  under op tim al feed ing  cond i­
tions and a  sa lin ity  o f  140 g I-1  (Pador, 1995). E qually  
low  values w ere  fo und  in natu re  fo r G rea t Salt Lake 
A rtem ia , w here  th e  average b ro o d  size in sum m er and 
fall fluctuated  a ro u n d  1 5 -30  eggs fem ale - 1 . In estuar- 
ine areas, how ever, a  m ax im um  o f  155 eggs fem ale-1 
w as reco rd ed  fo r fem ales la rger than 10 m m , and 
50  fo r sm alle r ind iv iduals (7 -8  m m ). In laboratory  
experim en ts w ith op tim al feed in g  cond itions on the 
contrary , a  m ax im um  o f 190 eggs fem a le -1  w as re­
co rded  (G liw icz  e t al., 1995), illu s tra ting  the e ffec t o f 
food availab ility  on  brood  size. L ow er food  availabil­
ity induced  ov iparous rep roduc tion , decreased  brood 
size and increased  the in terval in be tw een  broods.
T he seasonal dec lin e  in percen tag e  o f  ovovivipar­
ous fem ales in L ake U rm iah  (Fig. 12), as w ell as the 
decrease  in nauplii b ro o d -1  (F ig. 13) from  July  on­
w ards, co incides w ith  th e  increased  transparency  (Fig. 
5) and thus dep le tion  o f  phy top lank ton . R em arkably , 
there  is no  decrease in cysts b ro o d -1  befo re  the w inter 
season; B elovsky (1996) no tes tha t cyst p roduction  in 
G rea t S a lt L ake b rin e  sh rim p  is h ig h es t a t in term ediate  
food  concen tra tions. T h ro u g h o u t sum m er and autum n 
a m ax im um  o f rep roductive  e ffo rt is thus invested in 
cy s t p roduction , w ith  nearly  all rep roductive  fem ales 
p roduc ing  h igh num bers o f  cysts.
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T h e  d iffe rence  in param eters, u tilized  to  express 
th e  A rtem ia  stand ing  crop , and the d ivergen t values 
found  in  lite ra tu re , confirm  that the assessm en t o f  the 
quan tity  o f  b rine  shrim p in a sa ltw ater body  is d iffi­
cult. T h e  d is tribu tion  o f  A rtem ia , w hich a re  positively  
p h o to tac tic  and  sub jec t to w ater cu rren ts by  th e  action  
o f  w ind , is h igh ly  heterogeneous and thus densities 
m ay  vary  w id e ly  (Persoone & S orgeloos, 1980). F or 
instance , L en z  (1980) reports densities rang ing  from  
1 to 40 0  ind . I ' 1 in M ono L ake, w hile M ason  (1967) 
repo rts  only  a  few  adults I-1 in the top w ater layer in 
M ono  L ake. In the L ake U rm iah  sam pling  cam paign , 
th e  h ou r o f  sam pling  w as random ized  and only  occa­
sionally  w ere  sam ples taken in deeper w ate r layers; 
co n seq u en tly  no inform ation  on d iurnal m ig ra tion  o f  
th e  brine sh rim p  popu lation  cou ld  be  ob tained.
I f  the w e t w eigh t o f  an A rtem ia  ad u lt is e s tim ­
ated  a t ~ 1 0  m g ind iv idual-1  (R eeve, 1963), a density  
o f  30  g  m - 3 corresponds w ith a density  o f  3 adu lts 
I- 1 , a re la tive ly  low  figure com pared  to  th e  values 
p resen ted  fo r  G rea t S alt L ake: 4  adu lts I-1 in July  
(W irick , 1972); 2 0  and 10 ind. I-1  fo r June  and  July, 
respective ly  (S tephens & G illesp ie , 1972); 1 0 -2 0  ind. 
I-1  in late sp rin g  (W urtsbaughi &  S m ith  B erry , 1990). 
A rtem ia  p roduc tion  in G reat Salt L ake is e stim ated  by 
G illesp ie  &  S tephens (1977) at 1 0 0 -2 0 0  g  b iom ass 
(dry  w eigh t) m -2  y ea r- 1 .
A lthough  cau tion  is needed  w hen  com paring  
A rtem ia  density  values from  d ifferen t lakes, reco rded  
o v er d iffe ren t seasons w ith \a r io u s  sam p ling  m e th ­
ods, th e  A rtem ia  p roduction  o f  L ake U rm iah  seem s 
relatively  low. T hese  low values co rrespond  w ell w ith  
the low  a lga l b iom ass values; B elovsky (1996) co n ­
firm s tha t in G reat Salt L ake the h ighes t A rtem ia  
d ensities co in c id e  w ith the h ighest food  concen tra tion , 
illu s tra tin g  th e  im pact o f  food  availability.
L o n g -te rm  hydro log ical reco rds prove th a t th e  w a­
ter level o f  L ake U rm iah  is sub jec t to  substan tia l 
fluc tuations (Fayazi, pers. com m un .), cau sed  by cli- 
m ato log ica l factors. In view  o f  the unusual w ea ther 
co nd itions tha t prevailed  in the period  1 9 9 4 -1 9 9 6  
(m ild  w in te r tem pera tu res, excessive ra in fa ll) th e  field 
data  c an n o t be  ex trapo la ted  as such to p rod u c tio n  
yea rs  w hen  m ore norm al w ea ther cond itions are to  be 
expected . S ince  1996, salin ity  has stead ily  increased  
again , due  to  reduced  prec ip ita tion , and  p resen tly  
(fall 1999) it is as high as 240  g I-1  (F ayazi, pers. 
co m m u n .). C on tinued  sam pling  is n eeded  to acqu ire  
m ore  in s ig h t in to  the popu la tion  dynam ics o f  A rtem ia  
urm iana .
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